In aetiologically complex illnesses such as schizophrenia, there is no direct link between genotype and phenotype. Intermediate phenotypes could help clarify the underlying biology and assist in the hunt for genetic vulnerability variants. We have previously shown that cognition shares substantial genetic variance with schizophrenia; however, it is unknown if this reflects pleiotropic effects, direct causality or some shared third factor that links both, for example, brain volume (BV) changes. We quantified the degree of net genetic overlap and tested the direction of causation between schizophrenia liability, brain structure and cognition in a pan-European schizophrenia twin cohort consisting of 1243 members from 626 pairs. Cognitive deficits lie upstream of the liability for schizophrenia with about a quarter of the variance in liability to schizophrenia explained by variation in cognitive function. BV changes lay downstream of schizophrenia liability, with 4% of BV variation explained directly by variation in liability. However, our power to determine the nature of the relationship between BV deviation and schizophrenia liability was more limited. Thus, while there was strong evidence that cognitive impairment is causal to schizophrenia liability, we are not in a position to make a similar statement about the relationship between liability and BV. This is the first study to demonstrate that schizophrenia liability is expressed partially through cognitive deficits. One prediction of the finding that BV changes lie downstream of the disease liability is that the risk loci that influence schizophrenia liability will thereafter influence BV and to a lesser extent. By way of contrast, cognitive function lies upstream of schizophrenia, thus the relevant loci will actually have a larger effect size on cognitive function than on schizophrenia. These are testable predictions.
INTRODUCTION
Although clinically reliable, the psychiatric nosologies embodied in the Diagnostic and Statistical Manual for Mental disorders (DSM-5) and the International Classification of Diseases (ICD-10) do not represent sufficiently refined phenotypes for molecular genetic studies. 1 This is because clinical phenotypes reflect aetiologically and biologically heterogeneous samples. The argument is not new. 2, 3 Identifying genetically mediated vulnerability indexes that are more proximal to the underlying pathophysiology (that is, intermediate phenotypes) of psychiatric disorders, such as, schizophrenia, could help clarify the underlying biology and assist in the search for genetic vulnerability variants for these disorders. Intermediate phenotypes are hypothetically more homogeneous and less phenotypically complex than the clinical construct of schizophrenia. They are also quantitative in nature. Because the genes responsible are likely to be expressed in a quantitative manner, rather than dichotomously, it should be easier to detect genetic variants for them.
Over the past 20 years, mainly through prospective, high-risk and family study designs, numerous candidate intermediate phenotypes of schizophrenia have been proposed and rejected. Some early candidate intermediate phenotypes now do not appear to fulfill endophenotypic criteria at all while others are still promising. [4] [5] [6] [7] [8] [9] Intelligence and memory deficits are frequently cited to meet the criteria. These deficits are detected in children who go on to develop schizophrenia [10] [11] [12] in prodromal 13 and high-risk states 14 and in patients experiencing their first episode of psychosis. 15 Similar impairments are found in patients' relatives, while recent twin studies confirmed that these aspects of cognition share some of their genetic influences with schizophrenia. 5, 8, 16, 17 Similar findings have been reported for magnetic resonance imaging (MRI) volumetric data 1, 18, 19 although studies that used genetic modelling either produced comparatively weaker results 20, 21 or did not support such a role. 22 Although attempts to identify the genetic variants that underpin candidate intermediate phenotypes have so far been mostly unsuccessful, 23 some offer potential, 24, 25 especially when the focus has been on the genetic architecture of the underlying cognitive neurobiology. 26 Together these findings suggest that deviations in cognitive and some brain volumetric phenotypes are an integral part of the pathophysiology of schizophrenia, possibly reflecting biological susceptibility.
To date, very few candidate intermediate phenotypes have been subjected to experimental testing by twin modelling. This has allowed major fissures to develop in our knowledge as the twin method represents the optimal experimental designs to control for genetic effects. Without these assurances, we cannot evaluate each trait's validity as an intermediate phenotype. Furthermore, with the exception of our own earlier study that included volumetric frontal lobe and cognitive data in a combined family and twin sample, 22 no other study has to date genetically modelled multiple intermediate phenotype classes (for example, cognitive and brain structure) or addressed the genetic relationship between these.
Here we address these issues by pooling cognitive and MRI volumetric data from all available European twin samples with schizophrenia. Our first aim was to define the relative contributions of genetic and environmental factors on the associations between the two candidate intermediate phenotypes, cognition and brain volume (BV), with schizophrenia liability. Model fitting allowed us to quantify the maximum shared genetic influences between schizophrenia and the other candidate intermediate phenotypes. The second aim was to quantify the shared genetic influences between the cognitive deficits and BV. This would identify whether these candidate intermediate phenotypes share common genetic causation. The final and particularly novel aim was to go beyond merely identifying any genetic correlations and instead to resolve the direction of causality between the candidate intermediate phenotypes and the liability to schizophrenia. To address these crucial experimental and clinical questions, we designed reciprocal models to resolve the directionality of causation between the three phenotypes. The first aim was to replicate the existing small body of research in a larger sample. The second and third aims intended to fill a significant gap in the schizophrenia intermediate phenotype literature.
MATERIALS AND METHODS Participants
Data were available for 1243 members from 626 pairs (395 monozygotic (MZ); 231 dizygotic (DZ)), including 43 MZ pairs concordant for schizophrenia, 63 MZ and 56 DZ pairs discordant for schizophrenia (Table 1) . Twin samples with clinical and cognitive data collected at the University Medical Centre Utrecht, Utrecht (UMCU, the Netherlands), the Institute of Psychiatry, London (IoP, United Kingdom), the National Public Health Institute of Finland (NPHI, Finland) and the University of Barcelona, Barcelona, (UoB, Spain) were pooled and combined with the MRI European multicentre twin database 21 to produce a European multi-phenotype twin database. The MRI database also included data from Jena University Hospital, Jena (JUH, Germany). The Dutch site contributed three cohorts. The discordant twin sample (MZ and DZ) have been described previously. 27 The control twins were recruited from the twin sample of the Department of Psychiatry at the UMCU, the Netherlands and from the population-based Netherlands Twin Register. 28, 29 The British schizophrenia twins also have been described previously. 5, 22, 30, 31 They were referred to the Institute of Psychiatry, London from across the country by their consulting psychiatrists while the British control twins were recruited from the Institute of Psychiatry Volunteer Twin Register and by national media advertisements. The Finnish twins were drawn from a twin cohort that comprised of all same-sex twins born in Finland from 1940 through 1957 in which both members of each pair were alive and residing in Finland as of 1967. 32 The Spanish twins were drawn from the University of Barcelona Twin Register and by advertisements in the national media. 33 The German twins were recruited from across Germany and formed part, as indeed did all other samples described above, of the European Twin Study Network on Schizophrenia (EUTwinsS) consortium. The studies were approved by their respective ethics committees, and all participants gave written informed consent before participating.
Clinical assessment
All participants underwent full psychiatric evaluation using available hospital records and structured clinical interviews. Exclusion criteria for all subjects were the presence of significant medical or neurological illnesses, alcohol or other drug dependence and significant past head trauma. Zygosity was based on DNA polymorphisms.
Cognitive assessment
Cognitive data were available for 1049 participants ( In addition, the London, Helsinki and Barcelona sites contributed data on aspects of verbal or visual memory function from the Wechsler Memory Scale-Revised (WMS-R) 36 or from a later version Wechsler Memory Scale -III (WMS-III) 37 WMS data were available for the Logical Memory subtest, immediate and delayed recall (London, Helsinki and Barcelona), Verbal Paired Associates (London), Visual Reproduction, immediate and delayed recall (London and Helsinki), Digit Span (London) and Visual Memory Span (London).
MRI processing
Scanner-type, MRI acquisition protocols for each site and information on the calibration algorithms developed are given in detail in Van Haren et al. 21 and in Schnack et al. 38 MRI scans from the collections described above were processed by the Department of Psychiatry at the University Medical Centre Utrecht using an established processing pipeline. 21 See Supplementary Information on MRI acquisition and software. High-quality MRI scans were available for 700 individuals ( Table 1 ). All sites apart from Barcelona contributed MRI data. Data were available for the following BVs: intracranial, total brain, cerebral, cerebellar, grey matter, white matter volumes, lateral and third ventricular volumes and extracerebral cerebrospinal fluid.
Statistical analyses
Standardization. Cognitive data were collected at different sites, in some cases using different version of the same test. Compatibility was ensured through a standardization procedure regressing out the effect of age and gender, at each site separately, using the mean and s.d. of the respective control group. All standardized variables in the control group at each site had a mean of 0 and variance of 1. The analysis was conducted in SPSS 20 (IBM SPSS Statistics for Windows, Armonk, NY, USA). 39 Group mean comparison. After pooling data across sites, generalized estimating equations (GEE) were applied in SPSS 39 to estimate the linear model parameters to identify differences in cognition and BV between patients with schizophrenia, their unaffected co-twins and healthy controls. Years in full-time education and intracranial volume were used as covariates for the cognitive data and the BV data, respectively. Robust Huber-White sandwich estimators were used to safeguard against misspecification in variance/covariance matrix and to control for any within-twin pair correlation.
Correlational analyses. Correlational analyses were performed between all cognitive and neuroimaging measures, and expressed separately for patients, co-twins and controls as a heatmap showing the pattern of correlations, and the clustering of variables using 'pheatmap' in R 2.14.2. 40, 41 Bivariate genetic model. Structural equation modelling in OpenMx 42 was applied to identify a model in which the variance and covariance of the phenotypes were separated into genetic and environmental influences. Additive genetic factors (A) relate to the total additive genetic influences that impact on a phenotype; common environment (C) represents environmental factors that are common or shared among family members while unique environment (E) signifies environmental factors that are unique to individual members of a family and contribute to making members of the same family different. The full-information maximum likelihood was used to generate the expected covariance matrix and estimate the free parameters. The likelihood ratio chi-squared statistic, minus two times log likelihood difference (−2LL) was used to compare the fit of the nested models.
The bivariate genetic model partitions the variance of each phenotype into A, C and E components, which were represented by path loadings labeled as a n 2 , c n 2 and e n 2 (n = phenotype 1 or 2). Further, the model specifies the correlations between the respective components of schizophrenia and cognition or BV as ra, rc and re, to reflect the degrees to which the A, C or E factors that influenced schizophrenia liability overlap with those impacting on the second phenotype (for example, cognition). The contributions of A, C and E to phenotypic correlation was calculated by combining ra, rc and re with a 2 , c 2 and e 2 , as follows:
Further, we calculated for each parameter the 95% confidence interval (95% CI). As with our previous work, schizophrenia liability was related to affection status via a liability threshold model. The parameters of this liability threshold model were fixed to the point estimates derived from meta-analysis 43 as follows: a 2 = 0.81, c 2 = 0.11, and e 2 = 0.08, and lifetime population prevalence = 1%. 43 In addition, we re-ran the analyses with several different point estimates of A, C and E for schizophrenia, to check whether the results are highly sensitive to the values of the fixed parameters. Only the measures that turned out to be statistically significantly different in the group mean comparison between co-twins and controls were included here. For cerebral volumes, we modelled grey and white matter as the primary tissue types.
Common pathways model. Multivariate model fitting was used to explore the relationship among schizophrenia, cognition and BVs (Supplementary Figure S1 ). The model employed three latent phenotypes to capture the common variance of inter-related observed data. In this way, information from multiple measures was utilized to maximize statistical power. As with the bivariate genetic models, common pathways models were fitted only on those measures that the previous level of analyses indicated as potentially important indicators of risk.
The first latent phenotype, schizophrenia liability (L-SZ), related to affection status and represented continues disease liability through liability threshold model. The second latent phenotype represented cognition (CGN) and was related to IQ, immediate memory and delayed memory by free parameter on path. The final latent phenotype BV extracted the common variance from cerebral grey and white matter volumes. For each latent phenotype, one of the path loadings from latent phenotype to an observed variable was fixed to 1.
A trivariate genetic common pathways common factor model 44 was used to estimate the genetic and environmental correlations among schizophrenia liability, cognition and BVs, simultaneously. The model also allowed estimation of A, C and E factors specific to the individual measures (except for affection status). All path coefficients were standardized.
Reciprocal model. The common pathways model allows for genetic and environmental correlations among phenotypes without making any assumptions about the direction of the relationship. The model implicitly assumes a common set of genetic and/or environmental influences to any pair of phenotypes. However, another possibility is that there is a causal relationship among phenotypes, such as the presence of brain abnormalities in causing schizophrenia, as opposed to perhaps a common set of genes that predispose to both a certain physical change in the brain and also to schizophrenia. Reciprocal models designed for family data were employed to address this issue and to resolve the direction of causation between the latent factors given the presence of a phenotypic causal relationship. 45 This model is depicted in Figure 1 .
The cross-correlation between one phenotype in the first twin and the second phenotype in the second twin may provide important information about the direction of causality between these two phenotypes. 45 In the reciprocal model, the direction of causation among variables is embodied by two opposite single-headed arrows between each two latent phenotype variables, instead of double-headed arrows on A, C and E parts as in the correlated model. Thus, in reciprocal models the variance of the phenotype is presumed to result from the other phenotypes' variance, besides their own specific genetic and environmental influence. Like with the common pathways model, the reciprocal model has three latent phenotypes: L-SZ, CGN, and BV. Each latent phenotype was modelled to be influenced by the other two latent factors through the causal paths in Figure 1 , including from clockwise paths: i, j, and k and from counter clockwise paths: ip, jp, and kp. Further, the model included specific genetic and environmental effects, which also incorporated measurement error, for each latent phenotype, path loadings as, cs and es as well as ACE paths for the observed cognitive and BV phenotypes. As with the previous model, the liability threshold model was used to relate schizophrenia liability to affection status. All parameters were standardized.
RESULTS

Group mean comparison
Co-twins from the discordant pairs showed deficits on all cognitive measures compared with controls. Further, they showed deviations in two (cerebral volume and cerebral white matter) of the nine volumes tested compared with controls. The third ventricle showed a non-significant trend ( Supplementary Table S1 ).
Correlational analyses
The first cluster includes measurements of immediate recall and delayed recall; the second, cerebral volumes, total BV, grey matter volume, intracranial volume, cerebellum and white matter volume. IQ segregated with both clusters 1 and 2. The remaining variables, that is, the lateral ventricle volumes, the third ventricle and extracellular cerebrospinal fluid do not cluster together. Overall, correlations between the cognitive and the BV measurements were modest ranging from respectable (for example, IQ and grey matter: 0.58) to small or non-existent. Supplementary Figure S2 shows a heatmap representing the correlations for the control group only and the spontaneous clustering of variables.
Bivariate genetic model Genetic modelling was constrained to those variables that differed significantly between co-twins and controls in the group mean comparison analyses and, for the cerebral volumes, to grey and white matter as the primary tissue types.
The parameter ra reflects the degree to which the same genetic factors impact on two traits (for example, liability to schizophrenia and BVs) and was significant for all phenotypes. Genetic influences on schizophrenia liability and IQ were correlated by − 0.62. These were slightly higher for immediate and delayed recall. For grey matter volume and schizophrenia liability, the genetic influences were correlated by − 0.36. The correlation was lower for the white matter. The portion of the phenotypic correlations (Rph-t) due to shared genetic and environmental factors, both common and unique, are expressed as Rph-a, Rph-c and Rph-e, respectively. Thus, for delayed memory the portion of the phenotypic correlation (Rph-t = − 0.76) due to shared genetic effects (Rph-a) was − 0.64, suggesting that 84% of the phenotypic correlation was due to genetic factors (Rph-a − 0.64/Rph-t − 0.76 × 100 = 84%). Supplementary Table S2 shows the parameter estimates of the bivariate ACE model fitting.
Common pathways model
To explore the genetic and environmental relationship between traits, a model was built to incorporate the six observed phenotypes. First, we constructed a Cholesky model and used Cholesky decomposition of the variance of the observed phenotypes. Then we employed the common pathways model that included three latent phenotypes, L-SZ, CGN and BV, and compared its fit with the Cholesky model. The common pathways model fit was not significantly worse than the Cholesky one (Δ − 2LL = 29.68, Δdf = 27, P = 0.33) and was more parsimonious. Figure 2 shows the standardized results of the common pathways model, with a, b and c representing the A, C and E components, respectively. For each observed phenotype, the variance is divided into two parts. The latent phenotype captures the shared variances of the variables, and the residual the specific variance for each variable, including its measurement error, also divided into genetic and environmental factors.
The path loadings of white matter and grey matter volumes on the BV latent phenotype are 0.82 and 0.69, respectively, and the square of these path loadings, 0.68 and 0.48, express the proportion of the variance that BV explains for each variable. Similarly, the path loadings of the cognitive measures to the latent phenotype CGN are 0.47 for IQ, 0.88 for immediate recall and 0.85 for delayed recall, with the proportion of the variance explained by CGN calculated as 22% for IQ, 78% for the immediate recall and 73% for the delayed recall.
The first latent phenotype represents the liability to schizophrenia, where the genetic and environmental contributions are already fixed. The latent phenotypes BV and CGN both have high heritability, nearly 1 (BV = A1 square of BV+A2 square of BV = − 0.212 2 +0.959 2 = 0.045+0.919 = 0.964) and 0.61(CGN = 0.158 +0.001+0.448 = 0.61), respectively, with environmental factors C and E contributing 0.19 and 0.21 to CGN, and close to 0 to BV.
The genetic correlation between the 'cognition' and the 'liability to schizophrenia' latent factors was − 0.51 (95%CI − 0.27, − 0.85), indicating that 51% of the genetic factors that influence schizophrenia liability also impact on cognition. This correlation is higher than the correlation between the 'liability to schizophrenia' and the 'brain volume' latent factor at − 0.22 (95%CI − 0.02, − 0.43). The tendency for higher correlations involving the 'cognition' latent factor is also seen in the phenotypic correlations and in the phenotypic correlation explained by overlapping genes. Supplementary Table S3 shows the genetic and environmental correlations between each of the two latent phenotypes derived from the common pathways model.
Reciprocal model
The full reciprocal model (model 1 in Table 2 ) included six causal paths between three latent factors (Figure 1) . To test the direction of causation between these latent factors, we dropped the causal paths sequentially until we identified the first least explanatory causal path, then the second and third until the model fit was significantly worse than the full model. Specifically, we started by dropping sequentially all possible causal paths between the latent factors (models 2-7).
When we dropped the causal path which indicated that liability to schizophrenia is accounted for by variation in cognition (model 6), the model fit deteriorated significantly compared with the full reciprocal model. This suggested that that causal path is important and could not be dropped. In contrast, when we dropped the causal path which indicated that liability to schizophrenia is explained by variation in BV (model 3), the model was largely unaffected (Δ − 2LL = 0.01, Δdf = 1, P = 0.92) and had the smallest Akaike information criterion (AIC) value (AIC = 1496.74), suggesting that this causal path did not significantly contribute to the full model and could be dropped in subsequent steps.
Then we dropped two causal paths simultaneously. The path already identified (causal path from BV to L-SZ in Figure 1 ) and sequentially one other (models 8-12 in Table 2 ). When the causal paths from schizophrenia liability (model 8) or cognition (model 9) to BV deviation were dropped at the same time as the causal path from BV deviation to schizophrenia liability, the models were significantly different from model 3 (model 8: P = 0.02; model 9: Po 0.001). Similarly, model 11 without the causal paths from BV deviation to schizophrenia and from BV deviation to cognitive deficit was marginally significantly worse than model 3 (P = 0.07). Model 12 without the causal path from cognition to schizophrenia was also significantly worse than model 3 (P o0.001). When we dropped the path indicating direction of causation from BV deviation to schizophrenia and from schizophrenia liability to cognitive deficit (model 10), the model did not significantly differ from the full reciprocal model (and the AIC value was the smallest), suggesting that these causal paths are not important and could be dropped in the subsequent steps below. We repeated the same process, dropping two causal paths simultaneously, including the second least important path from models 2 to 7, then the third and so on (models 13-21 in Table 2 ).
Based on model 10, we went on to drop three causal paths simultaneously: the two least important causal paths from the previous steps and then one by one all remaining causal paths (nested models of model 10: models 22-25). Model 23 was not significantly worse than model 10, so in addition to the paths suggested by model 10 we can drop path from BV to cognition without significant loss of fit. We then went on to drop four causal paths based on model 23 (nested models of model 23: models 29-31). These models differed significantly from model 23, suggesting that additional paths beyond those indicated in model 23 could not be dropped. We depict the model with the smallest AIC, model 10, in Figure 3 .
Model 16 with a path reversed fitted the data almost equally well (based on the AIC) with model 10. We therefore repeated the process described above for model 10 (nested models of model 16: models 26-28; nested models of model 26: models 32-33). To summarize the results in Table 2 : (1) the causal path from cognition to schizophrenia liability was present in all models; (2) the path from schizophrenia liability to cognition was consistently dropped, and (3) there is little robust evidence to determine which path direction between schizophrenia liability to BV is dropped.
About 23% of the variance in liability to schizophrenia is explained from variation in cognitive function. For BV, this was approximately ⩽ 5% regardless of the path direction (data available on request).
Finally, we re-ran the analyses with several different point estimates of A, C and E for schizophrenia and confirmed that the results were not highly sensitive to the values of the fixed parameters (data available on request).
DISCUSSION
We addressed the nature of the covariance between schizophrenia liability and multiple volumetric and cognitive candidate intermediate phenotypes as well as the direction of any cause and effect relationships between them in this unique international cohort of twins with schizophrenia. We confirmed our previous findings in the smaller twin samples that cognition and BV share genetic influences with schizophrenia liability. We also found, for the first time, evidence indicating that schizophrenia liability is in part caused by cognitive deficit.
Our first aim was to explore whether selected candidate intermediate phenotypes for schizophrenia pertaining to cognition and BV share their genetic influences with the disorder. We found that both broad types of candidate intermediate phenotypes were caused partially by common genetic influences shared with schizophrenia. This pattern was confirmed both when Abbreviations: AIC, Akaike information criterion; comp., the model which is chosen for comparison; df, degree of freedom; diffLL, the difference of minus 2 log likelihood between two models; diffdf, the difference of the degree of freedom between two models; ep, estimate parameter; Model, reciprocal model; No., Model number; − 2LL, minus 2 log likelihood. 0 in P-value column indicates Po0.01. i, j, k, ip, jp and kp represent causal paths; causal path i, L-SZ to BV; causal path j, BV to CGN; causal path k, CGN to L-SZ; causal path ip, BV to L-SZ; causal path jp, CGN to BV; causal path kp, L-SZ to CGN (see Figure 1 ). The process involved dropping the causal paths one by one until the first least important causal path is identified (models 2-7). Then dropping the first (models 8-12), second (13) (14) (15) (16) , third (17) (18) (19) and fourth (20-21) least important causal paths with one other path at a time. Next, dropping three paths based on the best model (for example, nested models of best model (based on AIC), model 10; models 22-25) and on model 16 that had AIC close to model 10 (models [26] [27] [28] and then four paths (nested models of model 23: models 29-31 and nested models of model 26: models 32-33) until the model was significantly worse than the full model. Causal path k from cognition to schizophrenia is always significant while path kp from schizophrenia liability to cognition can be dropped. Bold values: Model 10 (Drop ip and kp): Model 10 did not significantly differ from the full reciprocal model (and the AIC value was the smallest), suggesting that these paths are not important and could be dropped in subsequent steps.
cognition and BV were modelled as observed traits (bivariate model) and as latent variables (common pathways model). Much higher estimates for covariance between cognition and schizophrenia compared with the BV and schizophrenia were detected in line with our previous work. 5, 8, 46, 47 Though critical, the question of the direction of causation has never been directly addressed before in the schizophrenia literature. Unlike other areas of science where direct manipulation of causal factors is possible, research into schizophrenia, and indeed any other psychiatric disorder, is often not easily amenable to such processes. 48, 49 We cannot, for instance, experimentally increase cognitive deficit and reduce brain size in children, so that we could examine the consequences these might have on the subsequent adult rates of schizophrenia. When the question of cause and effect cannot be explored in any other way, reciprocal causation models in data collected from monozygotic and dizygotic twins may offer a reasonable alternative to explore causative relationships. 45, 48 We have extended the reciprocal causation model from two to three latent phenotypes. We have used this to explore the causal relationship between schizophrenia, BV and cognitive deficit.
The models that identified cognitive deficit(s) as the determinant of schizophrenia liability fitted the data better than models that specified volumetric deviation as the cause of the disease. Table 2 . L-SZ = liability of schizophrenia; BV = brain volume; CGN = cognition; white = cerebral white matter volume; grey = cerebral grey matter volume; IQ = estimated intelligence quotient; Mem-I = immediate recall; Mem-D = delayed recall; A = genetic influence; C = common environmental influence; E = personal environmental influence. As, Cs, Es = Specific genetic and environmental effects and measurement error incorporated into the model as the residual of the measured phenotypes. The latent phenotype CGN explained 22% (that is, the square of path loading 0.470 2 = 0.22 × 100 = 22%), 78% and 73%, respectively, of the variance in IQ, immediate recall and delayed recall. White matter and grey matter volumes shared 48% and 68%, respectively, of their variance across the BV latent variable. The three latent phenotypes in this Figure interacted through four causal paths based on model 10 (that is, six causal paths of the full reciprocal model minus the two dropped): (1) CGN to L-SZ; (2) L-SZ to BV; (3) CGN to BV, and (4) BV to CGN. The causal paths suggest that cognitive deficit is upstream of the liability of schizophrenia and that about a quarter of the variance in liability to schizophrenia is explained from variation in cognitive function (−0.513 2 = 0.26 × 100 = 26%). The residual would be explained by other ACE factors not considered in the model. Brain volume is downstream of schizophrenia liability with approximately 4% (Direct: − 0.185 2 = 0.034 × 100 = 3.4%) in brain volume variation explained from direct variation in schizophrenia liability and 0.35% through the indirect component of CGN (Indirect: − 0.513 2 × (0.308 2 -0.192 2 ) = − 0.0595 2 ). The two opposite direction causal paths between cognition and brain volume suggest a reciprocal relationship. Ten percent in brain volume is accounted for by variation in cognitive function while about 3.7% of variation in cognitive function is explained by variation in brain volume. *Model 16 with a path reversed suggests about 5% of the variance in liability to schizophrenia is explained from variation in brain volume, fitted the data almost equally well (based on the AIC) with model 10. The causal paths from cognition to schizophrenia liability and from cognition to brain volume were significant in all models that fitted the data well. The percentage of the variance in liability to schizophrenia explained from variation in cognitive function is comparable, if slightly higher, in all other models, including model 16, with that of model 10 (data available on request).
This suggests that the genetic influences responsible for cognitive function cause variation in schizophrenia liability while the 'disease process' underlying schizophrenia causes variation in BV. It is important to distinguish the disease and the liability to disease. In the modelling, it is the liability to disease that is the latent factor, not the disease itself. We would interpret the liability to disease as a process, which is a quantitative trait present in everyone. The disease process is already elevated in patients at sub-threshold level before the onset of illness and in some clinically normal relatives of patients, and this can explain the presence of BV changes in these groups. One prediction of the interpretation that the schizophrenia disease process causes BV change is that the risk loci which influence schizophrenia risk will also influence BV, but with a smaller effect size than for schizophrenia. For cognitive function, one would predict that a proportion of the loci for schizophrenia would have a larger effect size for cognitive function than for schizophrenia.
The idea that cognitive deficits lie at an intermediate position on the pathophysiological pathway that links genes to the clinical phenotype is not new. For example, numerous retrospective and prospective studies of patients with schizophrenia have found evidence of cognitive deficit predating the onset of the illness. [50] [51] [52] These impairments manifest in early childhood and remain stable until early adolescence. 52, 53 Twin and family studies indicate that deficits are transmitted within families 5, 8, 54, 55 and that they are influenced by genetic variants implicated in schizophrenia. 56 Finally, the timing of the onset of schizophrenia coincides with the normal maturation of higher-order cognition, and many patients fail to achieve full maturation during that developmental period. 57, 58 Together, these findings suggest that cognitive deficit is important in understanding schizophrenia but do not provide evidence that cognitive deficit is in the causative pathway. Results from our study suggest that this is the case.
The reciprocal models suggested that cognitive deficits are a phenotype that lies closer to the true underlying causes. 48, 59 In this respect, understanding the molecular and cellular basis of cognition could provide critical new insights in the aetiology and pathophysiology of schizophrenia. Understanding how molecules influence brain structure and function to then influence cognitive processes such as memory 60, 61 or how structural architecture influences dynamic functional networks 62 are increasingly the subject of research in this field, yet the specific mechanisms through which brain structure and function manifests itself as cognition remains very poorly understood. 63, 64 We found that cognitive deficit and volumetric brain abnormality share influences and also influence each other. The degree of shared influences was small with about half due to common genetic causation. Previous findings on structure-function relationships in healthy people [65] [66] [67] [68] and in chronic, [69] [70] [71] first episode 72 and ultra-high-risk 73 samples are mixed. Results varied depending on the measures included and were at best modest; thus our results are in keeping with these previous findings. Although we do not fully understand how neurodevelopmental disease, IQ and chronicity influence these relationships across time, it is sometimes assumed that the direction of causation is from neuroanatomy to cognition. 68 We found that cognition shared a small reciprocal relationship with BV, but with the former having more influence on the latter. Specifically, about 10% in BV was accounted for by direct variation in cognitive function and 3.7% of variation in cognitive function was explained by direct variation in BV. We do not know what drives this reciprocal relationship but understanding the cellular and molecular mechanisms underlying neurogenesis and synaptic plasticity and how these relate to environmental factors is likely to be very important.
Inferential errors can occur when the assumptions that underpin genetic modelling are violated. 45, 48 We adopted several approaches to reduce the likelihood of these errors. First, we selected and measured multiple indices for each of the two latent phenotypes: BV and cognition. Second, we incorporated measurement error into the models to parse out their statistical impact. Finally, we tested multiple causal pathways to comprehensively explore the direction of causation. The mode of transmission in our data approximated the optimal mode of inheritance under which these models work best providing reassurance in the results. Despite these efforts, these same questions should be tested by complimentary research methods, for example, by longitudinal cross-lagged correlations.
Another issue is that our results may be dependent on the measures included in this study, and as such, generalizability of the findings is subject to future validation. In our model, BV is a latent variable indexed by observed grey and white matter volumes. In order for other variables to be added, they should be highly correlated with grey and white matter (otherwise they are unlikely to be measuring the same latent variable) but should not be mathematically derived from grey and white matter as is the case with total cerebral volume (that would lead to collinearity in the model). For these reasons, we could not include third ventricle volume. Nonetheless, fitting reciprocal causation models to other measures of cortical integrity or cognition such as cortical thickness, connectivity or decision making will be of interest. One of the models with a path reversed fitted the data almost equally well with the best model (based on the AIC), indicating that we had insufficient power to determine the direction of causation between liability to schizophrenia and BV. The causal path from cognition to schizophrenia liability, on the other hand, was present in all models. The relationship between the liability threshold model used in the analysis and psychotic symptoms is intimate. If an individual's liability exceeds the threshold at any point in their life, the disorder will develop and as a consequence symptoms will be manifest, if not, there will be a near absence of symptoms. Here we were interested in exploring the aetiology of DSM-IV schizophrenia as a liability construct rather than transient psychotic symptoms around the time of scanning. Nevertheless, how the causative model relates to continuous state transient variables (psychotic symptoms) as opposed to persistent trait categorical one (diagnosis-as we used originally) is interesting.
Another limitation is that all the models are likely to represent simplifications of reality. The reciprocal model, for example, ignores possible correlations between the A, C and E of the observed traits. Another way of putting this is that we lack a general model that incorporates both the reciprocal and the common pathways. Such a general model has not been developed.
Finally, the nature of causality is that it influences outcome. We used a mathematical model to explain causality. Of course, the true test will be an interventional study to determine whether by improving cognition the liability to develop schizophrenia will be reduced. This paper helps to justify such a study. Although we have interpreted the finding as evidence of a causative relationship between cognition and schizophrenia, we cannot exclude the possibility that cognitive dysfunction may not 'cause' schizophrenia but that individuals with lower cognitive ability might be more likely to be diagnosed with the disorder.
In summary, one issue that affects reliability, replicability and effect size in genetic association studies is the characterization of the clinical phenotype, still usually based on psychiatric descriptive categories. There is a fundamental mismatch between twin and adoption studies, which indicate large genetic contributions to schizophrenia, and the results from large genome-wide association studies. Current molecular genetic studies mainly focus on the genetic variants associated with the clinical diagnosis, which is likely to be heterogeneous, harbouring aetiologically and biologically distinct populations, rather than with the vulnerability indexes that are more proximal to the underlying pathophysiology (that is, intermediate phenotypes). Little is known about the relative contributions of genetic and environmental influences on the association of candidate intermediate phenotypes and schizophrenia liability while the direction of causation between candidate intermediate phenotypes and schizophrenia liability has never been explored before. Using all known available European MRI volumetric and cognitive data from twins with schizophrenia, we have shown for the first time that cognitive deficit lies in the intermediate pathway linking genes to schizophrenia, with about a quarter of the variance in liability to schizophrenia being explained from variation in cognitive function. One testable prediction of this finding is that the proportion of the loci for schizophrenia would have a larger effect size for cognitive function than for schizophrenia.
